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The microvessels in the buttock skin of 15 patients with 
long-standingjuvenile diabetes were studied both by electron 
microscopy and three-dimensional (30) computer recon-
struction of a prototypical diabetic postcapillary venule. En-
dothelial cell gaps were found in postcapillary venules and 
capillaries, but only in association with an increased deposi-
tion of basement membrane-like material in the vascular 
wall. In parallel with the increased amounts of deposited 
basement membrane-like material, the space between peri-
cytes and endothelial cells was wider and the cytoplasmic 
T he cutaneous microvasculature in diabetes is abnormal in several ways . Morphologically, the walls are abnor-mally thick [ 1 J and the periadventitial fibroblast-like cells (veil cells) are increased in size and number (2l. The vessels respond abnormally to heat, i~ury (3,4 , 
and histamine (5] , producing less vasodilatation and blood flow than 
normal vessels. These phenomena have been attributed to the vascu-
lar wall-thickening in this disease (6]. Diabetic microvessels in sub-
cutaneous tissues and in skeletal muscle are abnormally permeable 
to small and large molecules (7 ,8], as are the nailfold capillaries to 
Na fluorescein (9]. These last observations suggested that the in-
creased permeability might be related to the presence of endothelial 
cell gaps (10]. The exact steps in endothelial cell gap formation is 
controversial, but both endothelial cells and pericytes are acknowl-
edged participants in gap pathogenesis (11]. In a recently completed 
study of the contractile cells of the normal human cutaneous micro-
vasculature [ 12], we determined by EM and three-dimensional (3D) 
computer reconstruction the relationships between pericytes and 
endothelial cells in the postcapillary venules of the upper plexus and 
in the large venules of the lower plexus. We also eva! uated the 
smooth muscle/ endothelial cell relationships in the elastic-contain-
ing arterioles and terminal arterioles in both plexuses. With this 
new information, we decided to investigate the phenomenon of 
increased permeability in diabetes by restudying the microvessels, 
from the standpoint of pericyte-endothelial interactions, in 15 ju-
venile diabetics who we had previously studied in relation to accel-
erated cutaneous aging ( 1]. 
In this article, we demonstrate that diabetic post-capillary ven-
ules, whose walls were thickened by an increased deposition of 
basement membrane-like material, contained many endothelial cell 
gaps. The cytoplasmic contact processes between endothelial cells 
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processes that formed the contact points between them were 
longer and thinner than normal. Pericytes, devoid of any 
cytoplasmic contacts with the underlying endothelial cells, 
were observed as isolated cells within the outer third of the 
vascular wall in markedly thickened vessels. These observa-
tions offer an explanation for the known increased vascular 
permeability of diabetic vessels, and suggest a possible expla-
nation for the development of diabetic retinopathy with an-
eurysm formation.} Invest Derma tal 95:147-153, 1990 
and pericytes were elongated and thin, and pericytes could be found 
as isolated cells in the outer third of the vascular wall, no longer in 
contact with the underlying endothelium. We hypothesize, based 
on these observations, that endothelial cell gap formation in dia-
betes may result from the progressive deposition of basement mem-
brane-like material in the vascular wall, which widens the space 
between pericytes and the underlying endothelium, in which the 
cytoplasmic processes making contact between endothelial cells and 
pericytes exist. The stretching of these contacts may thereby con-
tribute to the disruption of the interendothelial cell junctions that 
results in endothelial cell gaps. 
MATERIALS AND METHODS 
We reviewed the EM photographs of microvessels from the nor-
mal-appearing buttock skin of 15 p::.tients with long-standingjuve-
nile diabetes (seven males, eight females), whom we had previously 
studied for evidence of accelerated cutaneous aging [1]. These pa-
tients ranged in age from 9- 36 years, had had their diabetes for 
0.5-30 years, and at the time of the study were enrolled in the 
Insulin infusion pump program at Yale University School of Medi-
cine for 1-12 months. Their diabetes was well controlled at the 
time of the biopsies, but had been only under fair to poor control 
prior to their entry into the program. 
For the current study, multiple cross-sections of arterioles, capil-
laries, postcapillary venules, and venules in the upper and lower 
horizontal plexuses from the original Spurr's resin-embedded biop-
sies of these patients were prepared and examined specifically for the 
presence of endothelial cell gaps and photographed. Sections were 
placed on uncoated 200-mesh grids, and stained with uranyl acetate 
and lead citrate for routine EM examination. A postcapillary venule 
from the upper horizontal plexus of a 34-year-old juvenile diabetic 
male with the prototypical thickened wall of diabetes, but without 
any evidence of endothelial cell gaps, was selected at random for 3D 
reconstruction. One hundred thirty (130) serial ultrathin sections 
(80- 90 mm) were cut and placed on single-slotted Formvar-coated 
grids for 3D reconstruction of pericyte-endothelial cell relation-
ships by computer as described previously (13). As each serial section 
was traced and digitized into the computer, the presence of an 
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endothelial cell gap was specially encoded, so that in the final re-
construction their sites could be demonstrated. 
The control samples used for the evaluation of the diabetic vessels 
included those reported in previously published studies on the nor-
mal human microvasculature in healthy young and aged individuals 
of both sexes without skin disease (14-16], those from lesional and 
normal skin of patients with psoriasis (17], leukocytoclastic vasculi-
tis, cutaneous T-celllymphoma, pityriasis rubra pilaris, atopic and 
contact dermatitis, and pseudoxanthoma elasticuni-all of which 
we have examined in the past. Buttock skin as well as other skin sites 
were used in these studies. Except for the changes induced by actinic 
damage and chronological aging [16), the microanatomy of the 
vessels in all these sites was identical. These studies were approved 
by the Human Investigations Committee at Yale University School 
of Medicine. 
RESULTS 
In the previous study of these specimens, which related to acceler-
ated aging [ 1 ], 35-202 micro vessels had been photographed and 
examined in each of the 15 patients. In each biopsy, 5.5-65% of the 
vessels had shown vascular wall-thickening characteristic of dia-
betes. On current review, 13 of the 15 patients showed evidence of 
endothelial cell gap formation in 5-50% of the photographed ves-
sels. The prevalence of gaps was directly related to the degree of 
vascular wall-thickening. Resectioning the blocks for this current 
study confirmed these observations. 
Unlike normal vessels (14, 15} or vessels in any of the pathological 
entities used as controls, the endothelial cells in diabetic postcapil-
lary venules and capillaries (and, to a much lesser extent, in diabetic 
arterioles) had a markedly irregular luminal surface produced by 
microvillous-like projections (Fig 1). These protrusions frequently 
measured 111m or more in length, were sometimes branched, con-
tained vacuoles, and had bulbous termini. There were many inter-
endotheiial cell junctions which showed partial separations con-
Figure 1. Diabetic postcapillary ven-
ule. E = endothelial cell, P =pericyte. 
Microvillous formation is present on 
adluminal surface. Arrowhead, begin-
ning gap formation at interendorhelial 
cell junction. Thin arrows, abnormal 
widening of pericyte-endothelial space 
secondary to deposition of basement 
membrane-like material. Bar, 2 J.lm. 
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taining similar microvillous formations. Complete endothelial cell 
gaps lacked these formations. Both the partial and complete endo, 
thelia! cell gaps occurred primarily in the postcapillary venules an~ 
capillaries, and were seen only rarely in arterioles. The outline of rh~ 
endothelial cell tubes characteristically showed indentations at th~ 
interendothelial cell junctions as depicted in Fig 1. The shape of th<~, 
overlying yericyte I?aral!eled the indentation. Figure 1 also show~ 
the ~rs~ stgns. of.wtdenmg betwe~n endothehum and pencyte i11_ 
assoctatton wtth mcreased depostttOn of basement membrane-lik\ 
material. 
. Unlike normal vessels [14, 15), the abluminal. side ofthe endothe\ 
hal tube was not smooth, but was charactenzed by cytoplastni~ 
projections that produced a rugose appearance. Figure 2a shows '\ 
3D reconstruction of the surface. The cytoplasmic projection~ 
ranged in shape from short blunt protuberances to long, thin, an~ 
plate-like extensions that J?easured over a micr~n in length and r~ 
parallel or almost perpendtcular to the endothelial tube. Ftgure 2b i~ 
ti:e . s~me reconstru.ction, in whi.ch the first seria~ section that w~ 
dtgltlzed (endothehal cells 5-7) ts shown along wtth the last sectiol\, 
(cells 1- 4), joined together by the outlines of the endothelial cell~ 
composing the tube. The arrows indicate gaps and near gaps as the}' 
'!"ere identified in the serial sections. The arrows with the asteris~ 
mdtcate two clusters of three gaps. In the overall length of thi~ 
reconstructed endothelial tube (13 f.J.m) there were 12 sites of gap~ 
or near gaps-10 were randomly dispersed as single events and two. 
as clusters of three gaps. The first 30 sections in this reconstructioll. 
did not exhibit any endothelial cell gaps. 
A portion of a normal postcapillary venule is shown in Fig 3a, 
The basement-membrane material in the wall has a finely granul~ 
appearance and is focally condensed to produce a multilayered ap, 
pearance. The arrowheads indicate normal pericyte processes il\ 
contact with endothelial cells, and the arrow points to the less fre, 
quent occurrence of endothelial processes making contact with per, 
icytes. In diabetic vessels, the increased deposition of basemen~ 
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Figure 2. (a) 30 reconstruction of endothelial cell tube in a diabetic post-
capillary venule demonstrating rugose abluminal surface produced by elon-
gated cytoplasmic processes that make contact with pericytes. Numbers 1-4 
are the outlines of the endothelial cells in the last serial section of the 
reconstruction (130 J.lm long). (b) Same reconstruction as a. Only first serial 
section (cells 5-7) and last serial section (cells 1-4) are shown. Graphics 
program reconstructs sections from top to bottom. Boundaries of endothelial 
cells are outlined by solid littes. Arrows indicate sites of gap formations. Arrows 
with asterisk, sites where there are clusters of 3 gaps. 
membrane-like material produces a dense homogeneous appearance 
(Figs 3b,c). In association with this increased deposition, two phe-
nomena were seen. The pericytes were clearly separated from the 
underlying endothelial cells by dense basement membrane-like ma-
terial (Fig 3b), and their cytoplasmic extensions (arrowhead) toward 
the contact points with the endothelial cells were thinner and 
longer than normal. The cytoplasmic extensions from the endothe-
lial cells showed a complementary response on their adluminal sur-
face (arrows). These cytoplasmic extensions produced the rugose 
appearance shown in Fig 2a. Figure 3c shows an abnormally long, 
thin cytoplasmic connection between pericyte and endothelial cell 
(arrow). Endothelial cell gap formation at interendothelial cell 
junctions was only found in association with increased deposition of 
basement membrane-like material. The greater the deposition, the 
greater the prevalence of complete (Fig 4) and incomplete gaps (Figs 
3b, Sa, b). Figure Sa shows the normally interdigitating endothelial 
cell junctions coming apart. In Fig Sb, cytoplasmic material from 
the endothelial cell is jutting into the gap itself. Arrows indicate the 
remaining portions of the interendothelial cell junction. Vascular 
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changes of uncertain etiology are present within the endothelium in 
this area. 
The distance between endothelial cell and pericyte was greatest in 
vessels with the largest deposition of basement membrane-like ma-
terial (Figs 6 and 7) . In some vessels (Fig 6), the pericyte was at-
tached by only one contact point simulating a tethered balloon. 
Often, the pericyte had a bowed appearance over the area of wi-
dened basement-membrane material (Fig 6). Figure 7 depicts the 
extreme case in which the pericyte has become isolated in the pe-
riphery of the wall, with no attachments to the endothelial tube. 
The 3D reconstruction of this vessel confirmed the lack of attach-
ments in the EM picture. 
Most diabetic pericytes were larger than those present within 
normal vessels. Three-dimensional reconstructions of the pericytes 
indicated that they had more lateral extensions (wings) with more 
subbranches than normal. The subbranches had a thin, sawtoothed 
profile. Figure 8 summarizes these findings. The normal pericyte 
may have 1-2 wings (Fi? 8A) that completely surround a postcapil-
lary venule or only partially surround a larger venule (Fig 8B) . In 
diabetes, the pericytes have multiple branches or wings (Fig 8C) 
that become attenuated with stretching or lose their connections 
(Fig 8D) to become an isolated cell in the periphery of the wall. 
Figure 9 shows the outline from a normal pericyte wing (A) and the 
attenuated (B) and sawtoothed appearance (C) of the diabetic wing. 
The increased deposition of basement membrane-like material, 
which also was observed in arterioles, did not produce the same 
phenomenon of profile changes in smooth muscle cells as it did in 
pericytes. Endothelial cells gaps were very rare in arterioles. 
DISCUSSION 
The rugose surface of the endothelial cell tube was produced by 
endothelial cytoplasmic extensions that took the shape of elongate 
processes ("fingers") or flat plate-like extensions. These are identi-
cal in configuration to the pericyte cytoplasmic extensions that 
make contact with the endothelial cell, which we have described in 
a recently completed study of the contractile cells of the microvas-
culature [12]. In diabetic microvessels, there is a markedly increased 
number of endothelial cytoplasmic contact processes compared to 
those found in normal vessels. 
Our findings cle~rly . indi~ate that e.ndothelial cell gaps and near 
gaps are common m dtabeuc postcaptllary venules with increased 
deposition of mural basement membrane-like material. A total of 12 
gap sites were identified in a 13-,um long reconstructed postcapillary 
venule. The morphology of these gaps is identical to those found in 
psoriasis, inflamma~ion,. and. following exposure to histamine. 
Their presence 111 dtabeuc skm was always associated with an in-
creased deposition of mural basement membrane-like material as 
evidenced by widening of the normal spacing between endothelial 
cell and pericyte. 
Although it is not possible to infer a dynamic process from static 
pictures with certa!nty, the images we have observed are consistent 
with the hypothests that the space between pericytes and endothe-
lial cells has been markedly increased by the deposition of mural 
basement membrane-like material. The thinned, attenuated pericy-
tic and endothelial cytoplasmic contact processes (Fig 3b,c) and the 
finding of singly tethered and isolated pericytes in the outer third of 
the wall (Figs 6 and 7) only in diabetic vessels with increased 
amounts of mural basement membrane-like material are consistent 
with this interpretation. We have not observed such phenomena in 
any of the inflammatory and proliferative skin diseases which have 
served as controls in this study. This putative separation of pericyte 
from endothelium by the progressive deposition of basement mem-
brane-like material while these cells are still strongly attached to 
each other might result in enough tension at interendothelial cell 
junctions to produce partial or complete separations at these sites. 
The surprising finding of so many gaps in the postcapillary ven-
ules may explain a puzzling phenomenon noted by Bollinger et 
a! [9]. When fluorescein sodium is administered i.v., to normal 
subjects for intervital fluorescence videomicroscopy studies of blood 
150 BRAVERMAN ET AL 
Figure 4. Diabetic postcapillary venule. P, pericyte. Asterisk, complete gap 
between endothelial cells El and E2. Bar, 1 ).tm. 
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Figure 3. (a) Normal postcapillary venule for control. E, endothelial cell; P, 
pericyte; BM, mural basement-membrane material focally condensed to 
produce multilayers, both in periphery and in space between endothelial 
cells and first layer of pericytes. In normal vessels, pericyte processes (arrow-
heads) making contact with endothelial cells are much more frequent than 
endothelial cell processes (arrow) making contact with pericytes. Bar, 2 f1m. (b) Diabetic postcapillary venule. Widened basement-membrane zone be-
tween endothelial cell (E) and pericyte (P) . Endothelial cytoplasmic exten-
sions (arrows) and pericyte extensions (arrowhead) are both abnormally long 
and thin. BM is abnormally dense, obliterating the normal multilayered 
appearance. Asterisk indicates gap formation. Bar, 2).tm. (c) Diabetic postcap-
illary venule. BM is abnormally dense. Arrow indicates abnormally long 
and thin cytoplasmic connection between endothelial cell and pericyte. 
Bar, 2)./,m. 
flow in nailfold capillaries, the capillary loops are filled after ap-
proximately 47 sec. Ten seconds later, a fluorescent halo outlines 
the loops and persists for 20 min or more. In diabetics, it takes the 
same time for the dye to fill the loops, but the dye immediately 
leaves the intravascular space in larger amounts than it normally 
should. The pericapillary halo is quickly blurred because of the 
massive penetration of the fluorescein tracer into the interstitial 
space beyond the loop. The anatomical reasons for this phenome-
non are not known. If gaps were present in the nailfold loops as they 
are in the postcapillary venules, then there is a ready explanation for 
this rapid egress of dye in diabetics. Although the morphological 
basis for the pericapillary halo in normals is not known, a reasonable 
hypothesis can now be offered. The halo border begins at about 
6 J..l.m from the red cell column in the loop [9]. This would place the 
boundary of fluorescence at the location of the normally encircling 
veil cells (periadventitial fibroblast-like cells) present around all 
microvessels in the skin [2]. Perhaps in normals, the veil cells, which 
have highly ruffied lateral cytoplasmic processes ("wings"), form a 
diffusion barrier against fluorescein for 20-30 min based on molec-
ular charge or other molecular interactions. Although diabetics veil 
cells are hypertrophied and increased in number, their lateral cyto-
plasmic processes (wings) have flat surfaces, unlike the markedly 
ruffied surfaces of normal veil cells [2]. Perhaps the anatomical 
configuration of diabetic veil cells is associated with a defect in 
barrier function. 
Our studies also indicate that diabetic pericytes have larger cell 
bodies with more wings and subbranches than those of normal 
vessels. Whether this represents a compensatory hypertrophy or 
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some other type of abnormality in the early stages of diabetic mi-
croangiopathy remains to be determined. However, with progres-
sive thickening of the vascular wall, the pericytes appear to become 
isolated in the outer portion of the wall. These observations suggest 
an explanation for another complication of diabetes- diabetic reti-
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Figure 5. (a) Diabetic capillary. BM (basement-membrane 
material) is increased and dense. Asterisk, widening of space 
between pericyte (P) and endothelial cell (E). Arrowheads, 
early gap formation at interendothelial cell junctions. Bar, 1 
pm. (b) Closeup o~ gap formation in a. Separation beginning 
between endothehal cells E1 and E2. Arrows, remaining por-
tion of interendothelial cell junction. Cytoplasmic projection 
from endothelial cell into gap is a characteristic finding of gap 
formations. Bar, 1 pm. 
nopathy with aneurysm formation [ 18]. Although the mechanism is 
believed to be related to pericyte "drop out," it is conceivable that a 
major factor might be pericyte "force out" caused by increased 
deposition of basement membrane-like material in the vascular 
wall. Theoretically, with the movement of pericytes to the periph-
152 BRAVERMAN ET AL 
Figure 6. Diabetic capi llary with hypertrophied pericyte (P). Pericyte-en-
dothelial space is markedly widened by increased deposition of dense base-
ment-membrane material (BM) . Arrow, thinned, irregularly shaped pericyte 
wing. Bar, 211m. 
Figure 7. Diabetic capillary. Pericyte (P) in outer third of vessel wall is 
isolated without any cytoplasmic contacts w1th 1ts endothelial cell tube 
(verified by 3D reconstruction). Arrows, widened spaces between endothelial 
ce lls and pericytes that still have intact contact junctions with each other. 
Bar, 111m. 
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Figure 8. Schematic drawing. (A) Normal pericyte with 2-4 arms whid 
almost encircle postcapillary vcnules. (B) Configuration of normal pericy~ 
around large venules. (C) Dtabeuc hypertroplued pencyte wtth multipl 
branching arms which are found around capillaries and postcapi llary ven~ 
ules. (D) Depiction of isolated diabetic pericyte in outer vessel wall. \ 
ery of the vascular wall, as we have observed in skin vessels, and th~ 
observed eventual disappearance of pericytes from the wall of reti, 
nal vessels demonstra~ed by light microsc~py [18] , the ~upport o~ 
the vascular wall wluch pencytes are belteved to provtde in thl:) 
retinal vessels would be gone and aneurysms would form. If, i.ni, 
tially, there were only one layer of pericytes on retinal vessels ot 
fewer numbers of pericytes around retinal vessels than around ski11 
vessels, and there were no renewal of pericytes, then increased depo, 
sition of basement-membrane material might produce this scenario. 
Unfortunately, there is no published literature dealing with the 
development of diabetic retinopathy with aneurysm formation at 




Figure 9. Schematic drawing of pericyte wings. (A) Normal outline; (B) 
early attenuated profile of diabetic pericyte wings; (C) markedly attenuated 
sawtooth profile of diabetic pericyte wings. 
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"drop out" (18] . In diabetes, it may not be the biology of pericytes 
that is awry but rather the synthesis and deposition of basement-
membrane material that is responsible for the microangiopathy. 
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